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ABSTRACT 

This paper deals with estimation of Line Of Sight rates and an- 
gles of evader with respect to pursuer from available noisy ac- 
tive seeker measurements. During terniinal guidance, on board 
seeker of pursuer acquires the required measurements which are 
very noisy, non Gaussian and correlated due to glint, eclipsing 
and thermal noise. Also there is an aperiodic data loss in the 
inner gimbal pitch and yaw rate nicasurernent channels due 
to eclipsing. An Extended Kalman Filter has been used to 
estimate the Line-Of Sight rates and angles along with ob- 
server states from seeker measurements under such practical 
situations. The estimation algorithm has been validated under 
simulated environment and the results are encouraging. Future 
research to  be carried out is also discussed at the end. 
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1. INTRODUCTION 

Air to air combat scenarios represent the most demanding en- 
vironineiit for pursuer guidance due to high dynamics of both 
pursuer and evader. Generally t l re  guidance problem is solved 
by using well known Proportional Navigation (I“) technique, 
in which the Line of Sight (LOS) angles and angular rates 
between the evader and interceptor are used for interception 
(11. Active radar seeker is generally used in pursuer as sen- 
sor to measure range, range ratc, LOS angles and rates be- 
tween pursuer arid evader (Fig. l). These measured signals 
are contaminated by high degree of noise due to  Eclipsing, 
Glint, Radar Cross Section (RCS) fluctuation and Thermd 
noise. The eclipsing effect iri  a Radio Frequency (RF) seeker 
is a function of Pulse Repetitive Frequency (PRF) and closing 
velocity. Due to this effect, in a single PRF seeker, nieasure- 
ments are not available periodically. Moreever these “ s u r e -  
ments are available in noninertial inner gimbal frame (Fig. 2). 
In a practical scenario, resultant noise generated due to these 
cumulative effects is highly non Gaussian and time correlated 
too. Under these constraints the true LOS rates have to be 
estimated which will be used for guidance application. The 
present paper d i s c u w  Extended Kalman Filter (EKF) algo- 
rithm for real time application to process such type of seeker 
nieasurenients. 

Now we briefly review the earlier work on this real time estima- 
tion problem which can be characterized as ”Expansion of the 
scenario’’ 121 in estimation theory. Though many have worked 
on this problem, only typical recent papers are reviewed here. 
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Fig. 1. Schematic Diagram of Pursuer and Evader Engagement 

Dowdle et al. 131 estimated target maneuver using EKF where 
the meawreinents were obtained by on board active radar 
seeker. Thc niea~ureirieuts were relative range, range rate, LOS 
angles and LOS rates. Balakrishnan [4] and Stallard [5] have 
estimated LOS rates from passive mcasurements of LOS an-  
gles alone. Based on Stdlrtrd’s work, Robinson et al. [Si have 
estimated LOS rates based on relative range, range rate and 
LOS angles as measurements. Hablani 171 has solved similar 
problem by reconstructing the LOS rates of exoatrriosplieric 
interceptor from LOS angle only measurements. Taur e t  al. IS] 
also cstimated LOS rates from angle only nieasnrements in two 
dimensional engagement scenario using EKF. One of the ini- 
portant limitation in the work of these researchers is that in all 
these cases the rrieasurement angles are azimulh and elevation 
angle of LOS of evader with respect to pursuer. These formu- 
lations are applicable for reconstructing LOS rates from angles 
when it is tracked by a tracking radar. But seeker measures 
boresight errors and gimbal angles in gimbal frame. Hence cer- 
tain orthogonal transformations are necessary between LOS to 
Inertial and Inertial to Gimbal frame which are not considered 
in their formulation. Recently Waldn~an [Si discussect model- 
ing of an imaging seeker arid the formulation of an EKF for 
estimating LOS rates from measurements of relative angular 
displacement between seeker gimbals and strap down inertial 
unit. Here he has considered the above transformations in the 
measurement equations. His aim w x  to circumvent the need 
for rate gyro in seeker for which he estimated inner gimbal an- 
gular rates relative to pursuer body. 

However none of the above work takes into account effect of 
eclipsing on LOS rates. During the eclipsing period themea- 
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Fig. 3. Schematic Diagram of Seeker Model 

Glmbal & Fln Axes 

ation of evader (ats, aty, at,) respectively (Fig. 1, Fig. 2). The 
details of the system plant and the measurement model are 
given in Appendix. The estimation problem consists nine state 
variables (AS, Ay, Ar, AK,AV,, AV,, at,, aty, atz) and six 

Fig. 2. Different Axes System For Seeker T 

sured LOS rate data  will be lost. No unclassified published 
literatnre on LOS rate estimation is available till date to the 
best of authors’ knowledge which accounts for eclipsing phe- 
nomenon on measured LOS rates. One more serious problem 
which is encountered in K F  seeker data processing is that the 
measurement noise in bore sight error consists of two parts, 
(1) Periodically correlated receiver noise as a function of time 
varying fluctuating SNR and (2) Glint Noise which is highly 
non Gaussian depending on evader length, modulation ratio 
and is time correlated. . 

In the present study, the EKF based estimator has been de- 
signed in observer form and available measurements are rel- 
ative range, range rate, gimbal angles and LOS rates. The 
relative range and range rates are contaminated by Gaussian 
noise. The gimbal angles and LOS rates are measured at gim- 
bal frame. They are contaminated by non Gaussian noise due 
to effect of eclipsing, RCS fluctuation and glint. Also during 
eclipsing period LOS rates as measurement is not available for 
processing. These practical constraints will mimic the real- 
istic seeker measurements in closest proximity. Under these 
constraints an EKF has been designed presently to  estimate 
target relative position, relative velocity and acceleration com- 
ponents as observer states. Based on these state informations, 
LOS rates and angles have been estimated. 

The paper is organized as follows. At first proposed EKF based 
estimator consisting of both state and measurement model is 
described. Then a simulation case study of LOS rate estima- 
tion based on the proposed model is described. The paper 
concludes with suggestions for further research. 

2. MATHEMATICAL MODELING OF PRESENT 
ESTIMATION PROBLEM 

T 
measurements r,?,+g,yg, 4ig, ?is) as given by Eqns. (1-7) 
respectively. During eclipsing measurement set will consist of 
onIy four measurements ( r , T ,  $ g ,  T ~ ) ~ .  Total measurements 
being four or six depending on eclipsing or no eclipsing zone, 
sequential measurement update is most suitable [13]. The in- 
puts to the strate equations are pursuer acceleration compc- 
nents (am,, amy, ama)  and inputs to measurement equations 
are pursuer attitude quaternion q. In Eqn. 1 the dynami- 
cal equations corresponding to target acceleration estimation 
consists of niodelirig error which is generaliy true in practice. 
So the filter tuning elements are (Qat,, QallJ,Qat,) and they 
can be varied by proper combinations of (U,,, , uat,, oat,) and 
( T ~ ,  r,, rZ) which are characteristics of the amount of noise and 
time constant of correlation respectively. 

3. ANALYSIS OF SIMULATION RESUi,TS 

Now let us estimate the LOS rate+ arid observer states from 
measured seeker data in a simulated environment. The rela- 
t ive range and range rate (one U )  values have been taken its 50 
m and 10 m/s respectively. Seeker gimbal angles and LOS rates 
in gimbal frame have been generated by using tentative seeker 
model (Fig. 3). Input to the seeker model is eclipsing noise, 
glint noise and noise due to  RCS fluctuation. The eclipsing 
noise of LOS rates in inner ginibal frame dtg, +tg varies with 
respect to  Range to go ( R t o g o ) .  It is niaxinium at seeker lock 
on range La,. Generally noise standard deviation on LOS 
rates u , + ~  = uTLg = umaz (Rt, go/Etnraz)2 deg/sec where 
is 10 km and amas is 1.8 deg/sec. In Fig. 3 ( u r , , ~ , ) ~  consists 
of superimposition of all seeker noise components. Apart from 
these non Gaussian noises, the rate channels and angle chan- 
nels have been contaminated by Gaussian noise of 1 deg/s and 
0.5 deg standard deviation respectively. 

( ’  ) 

The R matrix elements for filter design havc been selected by 
inspection of the measurement signals. Looking at the random 
fluctuation of signal over it’s mean, the measurement variance 
of ’i’-th channel can be calculated as T-%% = (Ay,/3)’ where Ay, 
is the maximum disnersion of the noise comDonent over the 

The seeker is a radar inside a moving pursuer which mea- 
s u r a  relative range (r) ,  range rate (t), Gimbal angles (-ys,h) 
and LOS angular rates with respect to inner gimbal frame 
(%gr#zg) in both Pitch and Yaw plane These 
measurements are functions of relative position ( A i ,  Ay, Az), 
relative velocity (AVz, AV,, AV,) of evader with respect to  
pursuer, accelerations of pursuer (amr, amy, ama) and acceler- 

mean curve. Initial state uncertainty have been taken as 10 
% over the true values and based on that initial state covari- 
ance elements have been evolved. For given target maneu- 
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ver conditions (U*,=, gat., , U=,=) = (100,100,100) (7n/s2) and 
(T., T ~ :  7;) = (10.0,~0.0,10.0) (sec) have been found to be ad- 
equate for filter tuning. 

Based on 20 Monte Carlo (MC) simulation studies the results 
were studied. This helps in consistency checking of the filter 
tuning parameters statistically within the MC derived statis- 
tics. The Figs. (5-7) compare estimated arid true range, range 
rate and gimbal angles along yaw plane. In alt the figures the 
estimation error of each measurement is shown and estimates 
are very close to true values. Time history of noisy LOS rates 
with eclipsing effect is shown in Fig. 8. Comparison of El- 
ter estimated rates with true values are shown in Fig. 9. It 
is seen from the figure that estimated are very close to ac- 
tual except a t  terminal phase. The reason behind this can be 
attributed as follows. The long departures close to  endgame 
show the inadequacy of modeling the states and process noise 
components to rapidly change the filter gains. I t  may be noted 
that the state equations are kincmatic and process noise has 
been assumed to be white Gaussian. But actually the LOS 
rate measurements have been contaminated by correlated non 
Gaussian noise. Comparison of estimated target acceleration 
(&tX,&, ,&t; )  with true vaIues are shown in Fig. IO. It takes 
roughly 2 seconds for the filter to stabilize and track the true 
acceleration. 

4. CONCLUSION AND FUTURE ACTIVITIES 

In this paper pursuer evader relative position and velocity com- 
ponents along with evader acceleration in inertial frame have 
been estimated using EKF rrom available seeker measurements. 
Aperiodically the LOS rate data  is non available due to eclips- 
ing phenomenon. Though the LOS rates are very noisy con- 
sisting of eclipsing, glint and RCS fluctuation noise, present 
state estimation formulation estimates LOS rates quite accu- 
rately. Only during terminal phase the cstirnated 1,OS rate 
is erroneous with respect to the true value. Future suggested 
activities are 

Measurements with non Gaussian noise can be processed 
using EKF based on the approach of \Vu [lo]. This could 
definitely improve the estimation error during endgame. 
Present estimator along with different guidance laws are 
to be integrated wit,li 6 DOF simulation model of pursucr 
and evader engagement a.. state observer in close loop to 
study miss distance performance a t  interception. 
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APPENDIX 

A .  STATE EQUATIONS 

The state equations are 

A? = AV, 
Ai = AV, 
nvz = atx - a,, + w,.~.~ ari, = aty ~ anly + 
ai., = at, - amz + wa,,, 

at, = -% + 
at ,  = -2 + W,LI 7” a L P  

a t z  = -% +- wu,z 

AG = AV, 

(1) 

Target acceleration components are modeled as first order Gauss 
Markov [12] with corelation time constant (T,, T ~ , T = ) .  Its’ ran- 
dom noise component is Gaussian with zero mean (war , i t ) ,  
waly ( t ) ,  wolr ( t ) )  with process noise covariances ( Q ~ , ,  = ~ O ~ ~ ~ , ’ T ~ ) ,  

(Qat, = 2p&, /~ t , )  and (QO,, = 2 & / ~ z ) .  Here (bat, cat, a m t z )  

are uncertmnty in target acceleration components. 

B. MEASUREMENT EQUATIONS 

’ Pursuer Direction Cosine Matrices (DCM) are given below. 
1 0  

DCMoffin wrt body C,f = [ 0 

DCM of body wrt Inertial Cp = 

-75 4 $ z ] 
(44‘ -k qf - d - d )  2 (q142 + q3q4) 
2 (Qlq3 f 42Q4) 2 (qZ43 - 

(41q3 - %”24) 

(‘24 - 91 - q2 -!r 43) 
2 (q1q2 - s3q44) (4,” - s: + -422 - $1 p s ;  -+ 4 9  
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t 
DCM of LOS wrt Inertial CtoS = 

cosy{ cos$! cosy{ sin$i sinyi 

- sin yt cos $t cos yi 
- sin $1 cos $1 

-sin yi sin $1 

The measurements along the LOS frame (Fig. 1) are 

AzAz + Ay& + AzAz 
r =  A s 2 + A y 2 + A z z 2 ; 7 : =  

y = ta7L-l d w  
) Az (Ax' + Ay') - Az (AsAz -t AyAy 

(As' + A$ + Az') ( d m )  
+ =  

The seeker measurements of inner gimbal angles along yaw and 
pitch plane ($,, yg) and LOS rates along yaw and pitch plane 

in inner gimbal frame # i g ,  ?is are assumed to be available in 
fin frame. The gimbal axes frame with respect to missile body 
frame is shown in Fig. 2. Now let us transform LOS vector to 
fin frame to obtain gimbal angles in fin frame. 

LOS vector in fin frame (1,  m, n) is 

( -  ) 

L A  

The gimbal angles ( 4 g , ~ g )  in fin franie are (Fig. 2) 

-7 The rotation sequence is (2, gf z j )  2 (xi yg 2,) +' (59 99 zg). 
So DCM from fin to inner gimbal frame is 

cos 7, cos by cos +yg sin & sin yg 
cos 7s 

-siny, cos$, -sin yg sin$, cosy, 

Now let us convert true LOS rates in LOS frame to obtain true 
LOS rates in inner gimbal frame. 

L # i  cosv  J 

The range and range rate equations will be same in LOS or 
gimbal angle frame. So the seeker measurement equations in 
gimbal frame are 

rPn = T I  +91 Range (Eqn. 2) 
i, = +r + ~ 2  Range rate (Eqn. 2 )  
&,,, = $g + 773 Yaw plane gimbal angle (Eqn. 4) 
ysm = ys + 774 Pitch plane gimbal angle (Eqn. 4) 
#%gm = Ct9 + .r75 Yaw LOS rate along gimbal (Eqn. 6) 
;Yigm = +ig -t- 7 6  Pitch LOS rate along gimbal (Eqn. 6) 

Partially 
Eclipsed -7D 

Fig. 4. Eclipsing Phenomenon In Seeker 

Here (71,1~2) are zero mean Gaussian noise. For gimbal angles 
173 = cy + tuy and 714 = tp + w p  (Fig. 3). 

C. RECEIVER ANGLE TRACKING ERROR NOISE 

Angle tracking noise is modeled as a Gaussian noise with stan- 
dard deviation um. This standard deviation of angIe track- 
ing noise is a function of Signal to Noise ratio at receiver 

with relationship U,,, = ___ K 1  Again SNR can be written 

where dr = - 
K dr2 as per Radar Range equation S N R  = - 

is a cyclic time varying quantity varying between 0 to 
due to eclipsing, where smriz depends on receiver gate mecha- 
nism of a particular seeker. RTnr is the instantaneous pursuer 
evader distance. Eclipsing phenomna is explained in Fig. 4.  
For no eclipsing case dr  can be taken as Again combin- 
ing equations in previous paragraph, we obtain 

" 
TR 

%A[ TP 

UmaZ If unt = &,, a t  f L a z  K m ,  K2 = cmaz-. For any range 

to go, angle tracking noise can be expressed as 
R%,,, 

(9) 

Here emor = 1/4,hnaZ = IO Km and umnz = 1.8' 

D. SIGNAL PROCESSING BLOCK 

True angle tracking errors ( E ~ ,  E ~ )  are contaminated by receiver 
noise and glint noise (ulp,wy) and passed through to signal 
processing block (Fig. 3 ) .  Functionality of DSP block assumed 
to be a mean value of 9 pulses within 10 ms period. Glint noise 
model is assumed to be student 't' distribution [ll]. 

(7) 
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Fig. 5.  Coniparison of Typical Measured Range with Esti- 
mated and True value along with Estimation Error 
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Fig. 8. Measured Typical Yaw and Pitch LOS Rates Time 
History in Gimbal Frame 
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Fig. 6. 
Estimated and True value along with Estimation Error 

Coniparison of Typical hleasured Range Rate with Fig. 9. Comparison of Typical EKF Estimated and True Yaw 
and Pitch LOS rates time history in Gimbal Frame 

....................................... 

Fig. 7. Comparison of Typical Measured Yaw Gimbal Angle Fig. 10. Comparison of Typical EKF Estimated (a tz ,  aty, 

with Estimated and True value along with Estimation Error at,) (m/s') with True Value 
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